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There is a growing body of evidence supporting the somitic origin
of striated muscle in the avian limb. Although the migratory capacity
of muscle precursor is well established, the mechanism whereby
directed migration of somitic cells into the developing limb occurs,
has not yet been elucidated. To obtain a mechanistic understanding of
this complex process, it will be necessary to develop methods that
allow analysis of isolated aspects of the process. Previous attempts
by others to analyze somitic cell function ^ vitro have been
unsuccessful due to the notorious fragility of dissociated somitic
cells and their resulting inability to survive in cell culture under
standard conditions. With the methods developed in this study, it is
now possible for the first time, to maintain somitic cells in culture
without the complication of serum and to assay their response to
potential chemoattractants in the blind-well chemotaxis chamber.
These studies show that individual somitic cells exhibit migratory
responses in the presence of horse serum ^HS), platelet-derived growth
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factor (PDGF), apical ectodermal ridge (AER) and lateral plate
mesoderm (LPM) conditioned media. The most dramatic response was
elicited by PDGF and appears to be dose-dependent. However, CEE
proved to be toxic at most concentrations tested while collagen IV
inhibited cell attachment at all concentrations tested. These
responses occur across flbronectin-coated filters which may suggest a
substratum or chemokinetic role of this glycoprotein during the in
vitro migratory process. Further analyses of potential
chemoattractants originating from the target tissues of somitic cell
migration will provide further insights into the factors controlling
the directed migration of somite-derived cells into the limb field
during embryonic limb development.
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The ability to migrate or move from one place to another ^ vivo
is a property of many mesodermal cells in vertebrate embryos.
Mesodermal cell migration is an important and well documented feature
of morphogenesis and organogenesis. The in vivo migration of these
cells can occur in coordinated mass movements, as is the case for the
lateral migration of primary mesenchyme during gastrulation (Trelstad
et al., 1967; Ebendal, 1976; England and Wakely, 1977; Triplet and
Meier, 1982). Mesodermal cells can also migrate individually, as in
the invagination of mesodermal precursors through the primitive streak
during gastrulation (Balinsky and Walther, 1961; Granholm and Baker,
1970; Wakely and England, 1977; Solursh and Revel, 1978; Bancroft and
Bellairs, 1975) and the migration of somite-derived myogenic cells
into the limb mesenchyme (Christ et al., 1977; 1983; Chevallier et
al., 1977, 1978a; Mauger and Kieny, 1980; Wachtler et al., 1982;
Venkatsubramanian and Solursh, 1984; Jacob et al., 1978; 1983; Seed
and Hauschka, 1984.)
Soraitic-cell migration plays a crucial role in chick-limb
morphogenesis. It is widely accepted that much of the bird limb
musculature is derived from cells of the nearby somites, whereas,
cartilage and other connective tissues are derived from the
soraatopleure (Christ et al., 1977, 1978). Cells detach from these
somites and migrate through the intervening mesenchyme to the limb
forming region. The migration of these cells begins before the onset
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of limb-bud outgrowth, and continues for a short period after the limb
bud becomes visible as an ectoderm-covered appendage (Christ et al.,
1983; Chevallier et al., 1977, 1978; Mauger and Kieny, 1980; Wachtler
et al., 1982; Venkatsubraraanian and Solursh, 1984; Jacob et al., 1978,
1983; Seed and Hauschka, 1984).
Cells of the limb-forming region lack morphogenetic competence
prior to somitic-cell invasion of the region. This means that when
these cells are isolated and used to construct recombinant limb buds,
which are grafted onto a host embryo, a limb-like outgrowth is not
produced (Zwilling 1968; Chevallier et al., 1978; Paulsen and Miller,
unpublished data). In contrast, cells isolated from this same region
before visible limb-bud outgrowth, but after somitic cell invasion
behave differently. Explants of this entire presumptive limb-forming
region of the lateral plate exhibit developmental autonomy by forming
complete limbs when grafted into the coelomic cavity (Hamburger,
1938). Recombinant grafts constructed with these cells form extensive
limb-like outgrowths, with normal proximal and distal skeletal
elements separated by joints (Zwilling, 1968; Finch and Zwilling,
1971). It is possible that in addition to their critical role in
forming the limb musculature, the somitic cells that invade the
limb-forming region are responsible for initiating and maintaining
limb outgrowth in its earliest stages. This suggestion is strongly
supported by recent, unpublished experimental data of Paulsen and
Miller. These investigators added as little as 5% somitic cells to
pre-morphogenetically competent, pre-somitic cell invasion mesenchymal
cells from the limb-forming region and used the mixture to construct
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recombinant grafts. Results indicate that large limb-like outgrowths
containing jointed skeletal elements form within seven days of
grafting (personal communication, Dr. D. Paulsen and J. Miller,
Morehouse School of Medicine, Department of Anatomy, Atlanta,
Georgia). Little or no outgrowth occurs from similar grafts
containing either the pre-somitic cell invasion lateral plate cells or
soraitic cells alone.
Despite the obvious importance of somitic cells in normal limb
morphogenesis, nothing is known about the factors that direct the
migration of these cells into the prospective limb-forming region.
Research dealing with chick-limb cell migration has been mostly of a
descriptive nature. Little progress was made until Le Douarin (1973)
developed a chick-to-quail marker technique which allowed migrating
cells to be traced during development. This technique, when coupled
with migration assays and scanning and transmission electron
microscopy has confirmed that somite-derived myogenic cells do_ migrate
during limb morphogenesis. Further, these combined methods provided
important information concerning when and where these cells migrate,
the cell shape changes that occur during migration, as well as the
nature of the substrata to which these cells adhere. However, our
understanding of somitic-cell migration and the mechanistic aspects of
cell migration are very limited due to the relative paucity of
research in this area. This is probably due to the complexity of
factors influencing migration (i.e., adherence of cells to a
substratum, cell orientation, deformation of the cell membrane and
assembly of actin and myosin-like structures during locomotion), and
4
the lack of appropriate in^ vitro techniques which allow analysis of in
vivo migration. Yet, while this type of study has been repeatedly
attempted by others using other cell types, there are no published
reports of in vitro somitic-cell migration and/or factors affecting
somitic-cell migration. This is precisely because the fragility of
soraitic cells has not permitted their survival and iui vitro growth
under conventional culture conditions (personal communications. Dr.
W.A. Elmer, Department of Anatomy, Emory University, Atlanta, Georgia;
Dr. Michael Solursh, Department of Biology, University of Iowa, Iowa
City, Iowa).
Objective
The primary objective of the studies undertaken in this project
was to overcome technical barriers to the advancement of somitic cell
migration research by developing a culture technique that would
sustain soraitic cell survival long enough to explore factors
influencing their migration. The experimental design included; (1)
establishment of methods for isolating and dissociating somitic tissue
that would result in a viable single-cell suspension; (2) developing a
culture technique that would maintain in vitro somitic-cell survival
long enough to allow the cells to migrate — if indeed they have this
in vitro capacity; (3) validating the technique by using an
established migration assay to analyze the migratory behavior of
somitic cells in the presence of positive standards (i.e., platelet
derived growth factor [PDGF], horse serum [HS], chicken embryo extract
[CEE]) which have been demonstrated to be cheraotactic for older.
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muscle-forming cells in the bird (Venkatsubramanian and Solursh,
1984); (4) testing collagen IV as a negative standard, since cells of
mesodermal origin (i.e,, somitic cells) are not thought to be specific
for this type collagen; (5) developing a technique to obtain
potentially diffusible chemoattractants of physiological significance
with limb development, such as, the apical ectodermal ridge (AER) and
lateral plate mesoderm (LPM); (6) testing the conditioned media of the
AER and LPM for migratory affects on somitic cells; and (7) optimizing
experimental conditions by testing positive standards, a negative
standard and potential chemoattractants over a broad dose response
range.
In presenting the preliminary results of this project at the
national meeting of the American Society of Cell Biology (Bentley and
Paulsen, 1985), it was particularly gratifying to find that my opinion
about the importance of this research was shared by several
established investigators in the field of limb and somite development.
Despite the fact that a number of cells are known to undergo specific,
apparently directed migration, little is known about the regulation of
such movements during morphogenesis and metastasis in vertebrate
organisms. To obtain a mechanistic understanding of this complex
process, it will be necessary to develop methods that allow analysis
of isolated aspects of the process. In the past, the fragility of the
somitic cells prevented vitro analyses of factors that might
stimulate, maintain, direct or inhibit migratory capacity. With the
methods described herein, such studies are now possible for the first
time. We may now move our understanding of the somitic contribution
6




An overview of chick-limb development and the following aspects
of experimental chick-limb development will be presented: (1)
Embryonic Origin of the Chick-Limb Musculature: An Historical
Perspective; (2) Semitic Contribution to Limb Development; (3)
Migratory Capacity of Somite-Derived Myogenic Cells; (4) Chemotaxis:
A Mechanism of Directed Cell Migration and (5) Tissue Dissociation and
Culturing Cells In Vitro.
A. Overview of Chick-Limb Development
The limb field is determined very early in development, before
mesoderm accumulates as a visible limb bud. In the chick, the limb
emerges from the somatic layer of the lateral plate mesoderm, lateral
to somite pairs 15-20 for the wing and somite pairs 26-32 for the leg
(Chevallier et al., 1977; Jacob et al., 1983).
The limb field may be defined as the area which represents the
whole prospective limb bud potential (Karp and Berrill, 1981). The
first sign of limb development is a bulge in the somatopleure. The
mesoderm of the somatopleure (a layer of somatic mesoderm closely
associated with ectoderm) thickens where the limb bud will ultimately
appear (Carlson, 1981). Further outgrowth of this rudiment into a
flattened, paddle-shaped structure involves complex interactions
between the limb mesoderm and the apical ectoderm. Elongation
continues because of mitotic activity of the mesodermal cells
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(Araprino, 1965; Hornbruch and Wolpert, 1970; Janners and Searls, 1970;
Ede et al., 1975) and the final contours of the limb (i.e., the
dorso-ventral and antero-posterior asymmetry) are sculpted by
morphogenetic movements, proliferation and cell death.
B. Embryonic Origin of the Chick-Limb Musculature; An Historical
Perspective
The development of the limb musculature in the avian embryo has
been the object of numerous investigations and the subject of
considerable controversy. It was long believed that the limb-bud
mesenchyme was comprised of a homogeneous population of cells. These
cells were thought to be capable of differentiating into myoblasts,
chondroblasts or fibroblasts. The developmental fate of these cells
was considered to be a function of cellular interactions and
positional information (Zwilling, 1968; Caplan and Koutroupas, 1973;
Summerbell et al., 1973). However, it must be noted that no
definitive studies have proven that environmental influences enhance
the differentiation of these cells by causing a multipotent cell to
commit to one or another differentiated phenotype. The inability of
these studies to prove the existence of multipotent cells in the limb
mesenchyme has led to an alternative approach to explain the
diversification of limb mesenchymal cells.
Structurally, homogeneous mesenchyme gradually becomes
specialized in the developing limb until distinct cell types can be
recognized. According to some investigators, the limb mesenchyme is
composed of distinct cell lineages. There is good evidence for the
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existence of at least two subpopulations of mesenchymal cells within
the early limb.
Dienstman et al. (1974) studied the differentiation of muscle and
cartilage in the explants and cultures of leg-bud cells, from embryos
of stages 17-25, by using media known to permit myogenesis (8:1:1) or
chondrogenesis (F-10) and high/low density cultures over a three-week
period. Their results indicated that: (1) explants of whole stage
17-18 limbs developed subpopulations of premuscle-forming and
precartilage-forming cells, while cell cultures did not produce any
myocytes or chondrocytes; (2) explants developed large numbers of
myoblasts and chondroblasts when compared to earlier stages, while
cell cultures yielded myoblasts and chondroblasts; and (3) explants of
whole stage 21-22 limbs developed greater numbers of cells capable of
terminally differentiating into muscle and cartilage, while cell
cultures seemed to be no different than those of stage 21-22. These
results, according to Dienstman et al. (1974) were consistent with
mesodermal development by way of distinct cell lineages because of the
asynchronous distribution of these cells in^ vivo and in vitro.
Newman (1977) has reviewed the problems of lineage-generation and
pattern formation. He attempted to establish the source of precursor
cells of muscle, cartilage and fibroblasts. He considered
experimental studies relating to the stage dependence of the clonal
expression of phenotype (muscle, cartilage and fibroblasts), the axial
differences in the progression of chondrogenesis, the fate of the
subridge mesoderm in situ and in vitro, the uniqueness of phenotypes,
the function of cell-cell interactions in determining phenotype
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vitro and the implication for pattern formation in the stage 25 chick
embryo. The conclusions Newman drew from all of these studies were as
follows: (1) the presence of myogenic, chondrogenic or fibroblastic
lineages is a function of the culture environment and the stage at
which the cells are dissociated; (2) precursor cells of muscle and
cartilage can be found in very young limb buds, but clonal expression
of the two phenotypes can be detected only in older limb buds (after
stage 25); (3) prechondrocytes are not premyoblasts, but if
prechondrocytes do not aggregate prior to differentiation they will
form fibroblasts or die; (4) the three phenotypes mentioned are
qualitatively distinct and each contains a protein marker not present
in the others; and (5) the skeletal patterning in the limb is caused
by the non-myogenic, pre-cartilage population.
The more recent review of Christ et al. (1983) corroborates the
existence of distinct cell lineages within the chick limb. These cell
lineages can be selected for by the in vitro microenvironment. Christ
et al. (1983) summarized the opinions concerning the origin,
distribution and determination of the avian limb-bud mesenchyme cells
as follows: (1) the prospective limb area is represented by
mesenchyme of somatopleural origin, but before limb-bud outgrowth is
initiated, muscle-forming cells invade the limb field; (2) the
migration of muscle-forming cells into pre-muscular masses takes place
gradually in a proximodistal direction; (3) cells of the limb bud are
derived from distinct lineages and these cells are not interchangeable
under normal in vivo conditions; (4) somatopleural cells differentiate
into cartilage or noncartilage tissue depending upon their position
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within the limb bud; (5) somatopleural cells form skeletal elements,
tendons, soft connective tissue and smooth muscle; (6) somitic cells
give rise to striated muscle; and (7) neural crest cells constitute a
part of the connective tissue. Even though this study supports the
existence of distinct cell lineages, it has also contributed to the
controversy as to the role of the somites in limb myogenesis.
C. Somitic Contribution to Limb Development
The relationship between somites and the formation of limb
musculature has been one of the most intriguing problems of limb
development research. Many authors have suggested that somites
contribute nothing and that the musculature of the limb arises from
the lateral plate mesoderm [prospective limb-forming region]
(Hamburger, 1938; Saunders, 1948; Zwilling, 1968; Pinot, 1970).
The work of Victor Hamburger (1938) probably biased investigators
for approximately 30 years against the somitic contribution to the
limb musculature. Hamburger demonstrated that the chick-limb field
has the property of autonomy or self differentiation long before a
limb bud is visible. Prospective wing tissue from embryos of stages
12-18 were grafted to the flank region of host embryos of
corresponding stages. These transplanted tissues differentiated into
limbs with dorso-ventral and antero-posterior axes corresponding to
the donor embryos rather than the host embryos. Hamburger concluded
that the wing arises solely from the lateral plate mesoderm and the
determination of axes is also a function of mesoderm.
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Saunders (1948) inserted carbon particles into the wing level
somites of 60-90 h chick embryos and incubated them for 10 days to
determine whether somites contribute to the formation of the chick
wing. The embryos were fixed and cleared ^ toto to observe carbon
distribution. The carbon particles were found no farther distally
than the medial border of the scapula. Some particles were found in
the extrinsic wing muscles and overlying dermis. However, no carbon
particles were found in the pectoral girdle or in the intrinsic
muscle, dermis or skeleton of the wing. Assuming that the carbon
would redistribute with migrating cells, Saunders concluded that the
chick wing arises independently of the somites.
Zwilling (1968) performed experiments to ascertain whether tissue
of equivalent or similar origin could participate in the formation of
a chimeric structure. Somites of stages 13-15 and limb mesoderm of
stages 18-19 were dissociated into cell suspension. One cell type was
labelled with isotopic thymidine so that its fate could be detected in
autoradiographs. The cells were centrifuged to form a pellet which
was placed in a limb-bud ectodermal jacket. The recombinants were
grafted onto host embryos either at the dorsal surface of the wing or
above some somites. Autoradiographs of the resulting outgrowths
indicated that cell sorting had occurred and no mixed structures had
developed. The somitic cells were found primarily in the center of
the grafts while limb-bud cells were found in the periphery. Zwilling
concluded that since somitic and limb-bud cells did not form a mixed
structure, they did not cooperate in vivo to form limb tissues.
However, he was unaware that at stages 18-19, somitic cells have
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already invaded the limb tissue (Chevallier, 1978) and did not address
the possibility that the sorting of cells was due to age-dependent
cell surface differences.
Pinot (1970) investigated the role of somitic mesoderm in the
early morphogenesis of the chick limb. She followed limb
morphogenesis via coelomic grafts and correlated her findings with
somite number, the presence or absence of axial mesenchyme taken at
various somitic levels, and the evolution of the lateral plate of the
flank region. Her results indicated that: (1) the limb is capable of
self-differentiating only if 25 or more somite pairs have developed;
(2) axial mesenchyme stimulates limb development in the first stages,
but in its absence somites differentiate into cartilage if 7-25 somite
pairs are present; (3) only axial mesenchyme taken at the level of the
limb (wing or leg) has the ability to stimulate limb development,
while mesenchyme at the neck and flank regions exert a "feeble”
influence; (4) the flank region is incapable of giving rise to a limb;
(5) the axial mesenchyme "provokes” limb development depending on the
origin of the lateral plate (wing, leg or flank levels) associated
with the mesenchyme; (6) somitic mesenchyme is responsible only for
stimulatory action of the prospective limb-bud region; and (7) somitic
mesenchyme does not contribute to the development of a limb. Thus,
Pinot believed that the lateral plate alone determines whether a wing
or leg will develop, with no cellular contribution from the somites.
The concept of autonomy in the chick limb (Hamburger, 1938)
strongly influenced the interpretation of experimental data for some
time. It led directly to the long-standing controversy over whether
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cells of the limb-forming region are raultipotent or whether tissue
phenotypes arise from distinct cell lineages. The controversy now
seems decided in favor of this latter viewpoint, because of
experimental evidence gathered by using a cell marker technique
developed by Le Douarin (1973), This technique replaces the somites
adjacent to the limb region in the chick embryo with a graft of
somites from the Japanese quail. Quail cells can be easily
distinguished from cells of the chick because the quail nuclei contain
large masses of nucleolus-associated heterochromatin.
Agnish and Kochhar (1977) investigated the role of somites in the
growth and development of mouse limbs. Even though this study used
mouse limbs instead of chick limbs, the results and conclusions drawn
have given some insight as to a functional role of somitic cells in
the limb mesenchyme. Organ cultures of limb primordia from 11-, 12-,
and 13-day-old embryos were used. The 11-day-old limb buds developed
poorly in vitro, but when grown in the presence of somitic tissue,
growth greatly improved. The 12- and 13-day-old mouse limbs grew well
without a somitic cell contribution. Recombinants of labelled somitic
cells and unlabelled limb-bud cells of the 11-, 12-, and 13-day-old
embryos were grown for 9 days. Autoradiographic data revealed that
somitic cells do contribute to the developing 11-day-old limb. The
12- and 13-day-old mouse limbs lacked labelled (somitic) cells. The
investigators concluded that further studies must be undertaken to
demonstrate the role of somites in very early mouse-limb morphogenesis
and they questioned whether somitic cells were being recruited simply
to achieve a critical cell mass in the developing limb.
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The preliminary studies of Christ et al. (1974) showed the fate
of somitic cells within the wing bud. Using the quail-to-chick marker
technique (Le Douarin, 1973), it was shown that the lateral plate
mesoderm gives rise to skeletal and connective tissues. The muscle
derived from somitic mesoderm cells which were thought to invade the
prospective limb-forming region before stage 15. In later work,
Christ et al. (1977) expanded their studies to further substantiate a
somitic contribution to the limb and to determine the actual time
(stage) these cells begin migrating. Christ et al. (1977) followed
grafts of brachial somites of the quail into the chick embryo,
brachial somatic mesoderm of the quail into the chick, and normal
embryonic somitic and lateral plate mesoderm in stages 12-15. After
3-7 days of incubation, the examined embryos showed that the cells of
somitic origin were limited to the prospective muscle-forming area of
the wing. This area was also comprised of a mixed population of
somatic and somitic cells, whereas the prospective cartilage-forming
areas and the subectodermal zone consisted only of cells from the
somatic mesoderm. Further histological studies and SEM studies showed
that the migration of undifferentiated somitic cells into the somatic
mesoderm (prospective limb-forming region) began in the bird wing at
stage 14, and in the bird leg at stage 15.
Chevallier et al. (1977) demonstrated that somites contribute to
limb development and the capacity to contribute to the limb
musculature is not restricted to the somites at the limb level alone.
In their experiments, two types of quail-to-chick or chick-to-quail
recombinants were used. Orthotopic recombinant experiments replaced
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chick-wing soraitic mesoderm with quail-wing somitic mesoderm.
Heterotopic recombinant experiments replaced chick-wing mesoderm with
a portion of the chick-somitic mesoderm taken from either the neck,
flank or leg levels. Orthotopic recombinant cells migrated from
either the unsegmented or segmented somitic mesoderm adjacent to the
limb and appeared in the musculature. The limb musculature in
heterotopic experiments, originated from grafted somites regardless of
their original position in the donor embryo. Tendons and other
connective tissues originated from host somatopleure in both types of
recombinants. Heterotopic experiments clearly showed that the
capacity for limb myogenesis is not restricted to cells from somites
of the prospective limb-forming region.
Chevallier et al. (1978) further tested the ability of the
intrinsic musculature to develop in the absence of somitic cells in
2-2.5-day-old chick embryos. Somitic mesoderm adjacent to the wing
bud was either removed or replaced by a piece of midgut or destroyed
by X-irradiation along with a few somites anterior and posterior to to
wing-bud somitic mesoderm. Results showed that replacement of the
portion of somitic mesoderm adjacent to the wing bud did not result in
muscleless wings, whereas X-irradiation of wing-bud level somitic
mesoderm resulted in muscleless wings. It was concluded that adjacent
somites could substitute for excised, but not X-irradiated limb-level
somites, as the source of the limb musculature.
Kenny-Mobbs (1985) attempted to resolve the controversy over the
origin of the cells that give rise to limb musculature in the chick,
by determining if the somitic cells were the sole source of chick-wing
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skeletal muscle or if cells of soraatopleure origin have the ability to
differentiate into muscle. Chick embryos of stages 12, 15, 18 and 21
were used for the study. The experimental protocol involved
dissecting wing-region lateral plate mesoderm and somatopleure, organ
cultures and chorioallantoic grafts of the dissected regions, indirect
iramunofluoresence using antibodies to muscle myosin and actin, and
light microscopic and SEM observations of all tissues. The results
confirmed previous studies that somitic cells are the sole source of
chick-limb skeletal muscle. Cells of somatopleural origin form all
other mesodermal tissue types. Kenny-Mobbs also concluded that limb
myogenesis shows a stage-related dependence on the presence of somites
in the prospective limb-forming region.
It is now well established that somites give rise to skeletal
muscle and that these cells invade the prospective limb-forming region
at very early embryonic stages. Since it is also clear that migration
of somitic cells is an important step in early limb morphogenesis, it
is desirable to extend the research to explore the migratory behavior
and morphological features of this migratory process.
D. Migratory Capacity of Somite-Derived MyoRenic Cells
Jacob et al. (1978) studied the migration of muscle stem cells
into the prospectiye limb-forming region of chick embryos. The
structural features of these cells were the focus of this work. They
showed that undifferentiated muscle stem cells migrated from the
yentrolateral somitic dermatome edge into the prospective-wing region
after the second day of incubation. In 1983, Jacob et al. examined
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the ultrastructural aspects of migration. They summarized their
findings as follows: (1) cells of the ventrolateral somitic border
break through the basal lamina, elongate, and move through a matrix
consisting of collagenous fibrils, hyaluronate, and proteoglycans; (2)
migrating cells possess filopodia at their leading ends and
microfilaraents within the cells denote the ability to contract; (3)
plaque-like contacts are built which secure the leading ends when the
trailing ends retract; and (4) the Golgi apparatus is located in the
trailing end of a migrating cell.
Mauger and Kieny (1980) tested the capability of muscle cells to
migrate and form organs in quail-to-chick recombinants. Three series
of grafts were used: (1) muscle precursor cells taken from
4-5-day-old quail embryos; (2) either limb or trunk muscles of 12-day
or 4-day post-natal quails; and (3) bispecific premuscular masses
which were comprised of quail myoblasts and chick connective tissue
cells. The grafts were then implanted into 2-day-old chick embryos in
place of somitic mesoderm at the limb-bud level. After 4-5 days of
incubation, results indicated that quail cells from 4-5 day
premuscular masses participate in the formation of trunk and limb
myotubes and anatomically normal muscle. However, the capacity to
migrate and form muscle was lost in the 12-day embryonic muscles.
Wachtler et al. (1982) investigated the migratory behavior of
presomitic, somitic and somatopleural cells in avian embryos.
Somites, parts of somites, unsegraented paraxial mesoderm and
soraatopleure of quail were grafted to the wing buds of chicks. After
incubation, the embryos were fixed in Serra's fluid, embedded in
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paraffin, serially sectioned and stained with Feulgen and fast green.
The results showed that the ability to form muscle and cartilage was
established before the formation of somites; somatopleure yielded
cartilage but no skeletal muscle; and prospective sclerotome
differentiated into muscle but lost this capacity during the course of
development. Muscle-forming cells migrated extensively into the wing
bud in a proximodistal direction, while cartilage-forming cells showed
no overt migratory tendency.
Seed and Hauschka (1984) observed the temporal migration of
distinct premyogenic cells in the developing chick. These distinct
prerayogenic populations were believed to appear only during certain
stages of development. The migration of muscle colony-forming (MCF)
cells into the prospective wing was halted at various times by
excising and then grafting wing primordia (stages 15-18) to either the
flank or chorioallantoic membrane of host embryos. Cells from younger
limb primordia (early MCF cells) formed myotubes with 5-10 nuclei each
and those from older limb primordia (late MCF cells) gave rise to
myotubes containing hundreds of nuclei. The experimental data support
the existence of two distinct premyogenic populations that migrate at
stage-specific times. Early MCF cells are present by stage 15 and
late MCF cells are not present until the end of stage 16. When wing
buds were grafted to a foreign location at stage 15, only early MCF
cells were present. Seed and Hauschka concluded that late MCF cells
are not descendants of the early MCF cells, but instead constitute a
distinct premyogenic population.
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Solursh (1984) observed the migration of myogenic cells in vitro
by using time-lapse videotapes of micromass cultures. These cultures
were prepared from chick wing buds of stages 19-24. His data showed
that the majority of the mesenchymal cells undergo little net movement
during the formation of precartilage aggregates. In the same
cultures, myoblasts were observed migrating as single cells on or
between mesenchymal cells.
Solursh and Meier (1986) explored the distribution of
somite-derived myogenic cells and attempted to provide insight as to
the qualities which render these cells migratory. They also
questioned whether the cells seen migrating from the somites, at about
stage 14, were somite-derived cells or endothelial cells from venous
elements. Nonlabelled stage 20-22 quail or ^H-thymidine labelled
Semitic cells implanted into chick hosts were used for the studies.
These cells were seen very close to the vasculature and eventually
became restricted to the dorsal and ventral muscles. These data
raised questions as to the role of the vasculature in somitic-cell
migration. Solursh et al. (1987) explored these ideas in an attempt
to determine the basis for the initiation of myogenic-cell migration.
Stages 14-16 embryos were prepared for SEM, light microscopy and some
were labelled with FI VI1 B6 B2, an antibody for quail endothelial
cells. The results indicated that the vasculature is very prevalent
and undergoes morphogenesis around the somites before the invasion of
the myogenic cells into the limb mesenchyme. It is not known exactly
what role the vasculature plays in migration. These authors
speculated that in addition to supplying chemotactic or chemokinetic
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substances (i.e., platelet-derived growth factor), the vasculature may
lay down a fibronectin-rich track which is utilized by the migrating
cells as a guide.
Venkatsubraraanian and Solursh (1984) examined the factor(s)
affecting the pattern of migration in quail myoblasts by using a
migration assay which employed the modified Boyden chemotaxis chamber.
Soluble substances, such as, chicken embryo extract (CEE),
platelet-derived growth factor (PDGF), 15% horse serum (HS) and
minimum essential medium (MEM) were assayed in the chamber.
Experimental data indicated that quail myoblasts migrate toward a
gradient of PDGF and PDGF-like factors found in serum and CEE.
Nonmuscle-forming limb mesenchymal cells, which were also tested did
not show a chemotactic response. Venkatsubraraanian and Solursh
hypothesized that chemotactic factors from the previously formed
vasculature of the embryo may influence cell migration during early
limb development. Although other mechanisms of cell migration cannot
be ruled out, this study provides impetus for future studies which
explore the possibility of chemotaxis as a mechanism of directed or
oriented cell migration.
E. Chemotaxis; A Mechanism of Directed Cell Migration
Directed or oriented cell migration is thought to be controlled
by either a single mechanism or by a combination of several
mechanisms. Thiery (1984) states that these mechanisms include: (1)
galvanotaxis or guidance by electric fields generated by ion currents
(Erickson and Nuccitelli, 1984; Nuccitelli and Erickson, 1983); (2)
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haptotaxis or guidance by a concentration gradient of an adhesive
substance where the cells are migrating (Carter, 1967); (3) contact
guidance or guidance by the physical contours of a substratum (Weiss,
1945; Lofbert et al., 1980; Dunn, 1982); (4) contact inhibition of
movement or the halting of movement at the site where migrating cells
collide, generating new cells away from the site of contact (Weston,
1970); (5) population pressure of cells which migrate as individuals,
while remaining in close contact with their neighbors and are confined
to narrow paths to achieve an efficient translocation (Rovasio, 1983);
and (6) cheraotaxis or guidance by way of diffusible chemicals (Le
Douarin et al., 1975).
Of all the proposed mechanisms of directed cell migration,
chemotaxis is the best understood. It is a directional response of
cells to chemical stimuli in which the cell detects differences in
concentration in a gradient of the attractant. The chemotactic
response has been observed over a broad phylogenetic range of
organisms and cells. The ability of cells to recognize chemical
molecules in their environment and move in the direction of a higher
concentration has been demonstrated in bacteria (Adler, 1969, 1983;
McNab and Koshland, 1972; Hazelbauer, 1980; Ordal, 1985), slime molds
(Bonner, 1947; Konijn et al., 1968; Bonner et al., 1969; Pan et al.,
1972; Gerisch, 1982; Vicker et al., 1984), amoebae (Bailey, 1982,
1985; Urban et al., 1983; Gillin and Diamond, 1980), leukocytes (Ward
and Newman, 1969; Wilkinson et al., 1969; Zigmond, 1973, 1974, 1978;
Roberts et al., 1983), fibroblasts (Postlewaite et al., 1976a, 1976b,
1977, 1973), neuronal cells (Weston and Butler, 1966; Le Douarin,
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1974; Noden, 1975; Le Tourneau, 1978; Gunderson and Barrett, 1979;
Lofberg et al., 1980), primordial germ cells (Cumige and Dubois, 1974)
and myoblasts (Grotendorst et al., 1981, 1982; Venkatsubraraanian and
Solursh, 1984). These studies demonstrated that where chemotaxis
operates it can efficiently attract cells to a specific location.
Some progress has been made in understanding the chemotactic
response. Temporal and spatial mechanisms have been proposed to
explain how cells sense and respond to a chemical gradient. MacNab
and Koshland (1972) and Koshland (1977) have shown that bacteria sense
concentration gradients by a temporal mechanism. The cell compares
the level of attractant to which it has been previously exposed to the
present level of attractant. Investigators believe that the
difference detected causes the cell to respond cheraotactically until
it adapts to the new concentration. They further stated that an
actual concentration gradient is not needed since the cell can detect,
"remember" and respond to different concentrations of attractant
(MacNab and Koshland, 1972; Koshland, 1977). The spatial mechanism
has been observed in slime molds (Bonner, 1947; Mato et al., 1975) and
leukocytes (Zigmond and Sullivan, 1979). The cell compares the
difference in concentration of attractant across its dimensions.
According to investigators, this implies functional asymmetry in the
responding cells thought to be caused by the difference in the
localization of receptors. Zigmond and Sullivan (1979) suggested that
in the case of the leukocytes, cell orientation precedes movement in
the response of cells to attractant, therefore an actual concentration
gradient is needed for chemotaxis.
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As mentioned earlier, avian embryonic myoblasts have the
potential to respond cheraotactically (Venkatsubraraanian and Solursh,
1984). Lymphoid precursor cells also have this potential in birds.
Le Douarin et al. (1975) studied the origin of hemopoietic stem cells
in embryonic bursa of Fabricius and bone marrow by using the cell
marker technique (Le Douarin, 1973). This technique made the
visualization of whole cell populations possible. Heterospecific
grafts of bursa and bone rudiments between quail and chick embryos of
various developmental stages (up to 11 days) were used. Subsequent
analyses with Feulgen-Rossenback stain and electron microscopy of the
grafts were performed to determine the various cell types present from
the two species. The data indicated that neither mesenchyme nor
endoderra of the bursa rudiment has the ability to undergo lymphoid
differentiation. The bursa rudiment attracts circulating stem cells
which invade the mesenchyme. Some hemopoietic stem cells remain in
the bursa and differentiate into granulocytes while others enter the
epithelium and differentiate into lymphocytes. The hemopoietic cells
and the epithelium of the blood vessels originate from mesenchymal
cells that do not belong to the potential bone rudiment during bone
marrow formation. Osteogenic cells and perivascular mesenchyme that
give rise to the stroma of the bone marrow are derived from bone
mesenchymal primordia. From these data, Le Douarin concluded that
hemopoietic differentiation of the bursa of Fabricius and bone marrow
depends entirely on stem cell migration via chemotaxis.
In summary, directional movement has been shown unambiguously to
be due to chemotaxis in certain instances. However, we do not yet
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have many well-analyzed examples of cheraotaxis in vertebrates. In
contrast to a few years ago, there is now impressive evidence that
cells of developmental importance can respond chemotactically iii vivo
and/or in vitro; leukocytes, lymphoid precursor cells, neuroblasts,
fibroblasts and myoblasts. This indicates that cells can be sensitive
to a particular attractant and move in response to a gradient.
F. Tissue Dissociation and Culturing Cells In Vitro
The first step in most standard cell culture procedures is the
dissociation of cells from tissues and organs by mechanical, enzymatic
or chemical means. The dissociated cells are resuspended in an
appropriate nutrient medium and inoculated into culture vessels, which
are then incubated in a stationary position. After settling, the
cells adhere to the culture surface or substratum. Under permissive
conditions, the cells subsequently multiply until a confluent sheet of
cells is formed over the culture surface.
The objective of any dissociation procedure is to disrupt the
intercellular attachments between the cells while leaving the cells
intact and in a single-cell suspension. Mechanical dissociation is
possible with some tissues, especially those from young embryos. Such
methods may involve the application of pressure in a homogenizer,
passage through nylon or stainless steel mesh, or teasing of cells
from tissue with sharp instruments to avoid shearing and reduce cell
damage (Rinaldini, 1958). More stably adherent cells, such as those
from tissues of older animals, may not be dissociable by mechanical
means without shearing a majority of the cells (Waymouth, 1974). To
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dissociate these tissues, enzymes that digest intercellular materials
and chemicals that remove ions involved in stabilizing these molecules
are employed. Sometimes brief exposure to a solution of pH higher or
lower than the physiological level (Longmuir and apRees, 1956) or a
solution of abnormally high osmolality (McLimans, 1969) may be
sufficient to separate cells from each other. Enzymes such as trypsin
(Dulbecco, 1952; Moscona, 1952; Hodges et al., 1973), collagenase
(Pollard and Starr, 1960), pronase (Weinstein, 1966; Poste, 1971),
elastase (Phillips, 1972), and papain (Morgan and Cohen, 1974) have
been used to free cells from fragments of tissues and organs.
Deoxyribonuclease may be added to reduce agglutination of suspended
cells caused by DNA released from cells damaged during various steps
in tissue isolation and dissociation.
Chemical compounds, such as EDTA, ethylene glycol (2-arainoethyl
ether)-N,N’ tetraacetic acid (EGTA), citrate and tetraphenylboron are
used to chelate cations involved in intercellular adhesion in animal
tissues and organs (Zwilllng, 1954; Rappaport and Howze, 1966; Borle,
1969). The divalent cations, Ca"*^ and Mg"'^, function in maintaining
the structural matrix between cells in tissues (Borle, 1969). When
these cations are removed from a dissociation or cell culture system,
intercellular bonds are weakened and tissues can be more easily
dissociated. For this reason, EDTA (a divalent cation chelator) and
EGTA (a more specific Ca"*^ chelator) have been used extensively for
cell dissociation (Robb, 1973).
Cultured cells are dependent on the ingredients of the culture
medium for their survival. For this reason, early investigators found
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it necessary to supplement medium with blood serum and plasma, ascites
fluid, aqueous humor, lymph and embryo and tissue extracts (Harrison,
1908; Carrell, 1913; Fisher, 1939; Fisher et al., 1948). Efforts were
made over a period of years to isolate and identify the various
nutritional components and growth factors in tissue extracts and
serum, but progress was slow using this approach.
As more was learned about nutritional requirements of intact
animals, investigators shifted their efforts to a purely synthetic
approach. Culture media were formulated by adding amino acids,
vitamins, glucose, and an array of known growth factors to balanced
salt solution (Volgelaar and Erlichman, 1933; Baker, 1936). By using
carefully formulated media, it was found that embryo extracts and
other tissue extracts were not required for cell nutrition in_ vitro.
However, it was observed that certain factors present in serum were
essential for continued cell proliferation.
In 1950, Morgan et al. formulated a chemically defined medium
(199) that allowed the extended survival of primary chick embryo cells
in vitro. Still, sustained cell growth could not be achieved unless
the medium was supplemented with serum (Morgan et al., 1955).
With the isolation of established cell lines and the discovery
that they could be grown on glass surfaces and dissociated into
populations of single cells. Eagle (1955a) recognized the potential of
this new culture system for studying nutritional requirements for
cells growing in vitro. In a series of publications. Eagle (1955a, b,
c, d, e) identified the components and the concentration required for
growth of the L-strain mouse fibroblast isolated by Earle (1943), the
28
HeLa cell strain isolated by Gey et al. (1952) and the KB cell strain
isolated by Eagle (1955b) using the replicate culture technique
developed by Evans et al, (1951). By deleting one component at a
time, the essential and nonessential nature of an ingredient was
determined simply by the ability of the cells to survive when the
component was omitted. This experimental approach led to a complete
understanding of the amino acid and vitamin requirement for cultured
cells, and these findings served as a basis for the development of
basal media for the growth of cells in culture.
It has been generally accepted that the growth of virtually all
types of cells in culture requires the presence of serum in the
medium. Serum is composed of beneficial factors and nutrients, but
also some constituents that prove detrimental to growth and cellular
function (DeLuca, 1966a, b; Erickson et al,, 1982). In recent years,
methods have been developed for the replacement of serum in culture
medium. Various combinations of hormones, nutrients and purified
proteins which replace serum have been formulated. These formulations
have the advantage of supporting the survival and/or proliferation of
some cell types even better than serum-containing media (Allegra and
Lippman, 1978; Murakami and Masui, 1980; Barnes and Sato, 1980). In
many cases it is possible to select for a specific cell type from a
mixture of cell types in culture, such as exist in primary cultures
(Mather and Sato, 1979; Taub and Sato, 1979; Ambesi-Impiombato et al.,
1980; Bottenstein et al., 1980; Orly et al., 1980; Wu et al., 1980).
It is also possible to perform exact nutritional studies without the
complication of the serum component (Rizzino et al,, 1979). Serum
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free cell culture media which will support the growth or maintenance
of primary cultures of differentiated cell types and established cell
lines has particular advantages for studies of hormone or drug
interactions with cells and somatic-cell genetics (Rizzino and
Crowley, 1980; Wolfe et al., 1980), The development of serum-free
media that support the survival of undifferentiated embryonic cells
(Paulsen and Solursh, 1987) will allow more detailed studies of
specific intrinsic and extrinsic factors responsible for triggering,
maintaining or inhibiting important embryonic cell behaviors such as
expression of a particular differentiated phenotype, programmed cell
death, cell recognition and adhesion, and cell migration.
G. Overview
The ability of somite-derived myogenic cells of the bird to
demonstrate directed migration in response to cheraotactic gradients
(Venkatsubramanian and Solursh, 1984), coupled with migration assays,
together suggest that of the possible mechanisms proposed to explain
directed migration, chemotaxis should be the first tested. This
approach has not been possible previously due to the inability to
maintain somitic cells in culture, such that their migratory capacity
could be examined. This technical problem is the reason the
literature contains no reports of investigations pertinent to this
problem. Transcending this technical problem has thus become the
primary objective of this dissertation. The approach involved
developing a culture technique that will support in^ vitro soraitic-cell
survival and allow somitic-cell migration to be studied. This
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technical advance is a crucial step towards our understanding the
factors that control the soraitic-cell contribution to limb
development. It may also provide insight into the controls of normal





Fertile \\fhite Leghorn chicken eggs were purchased from Haley
Farms, Canton, Georgia. The eggs were incubated in a rotary incubator
purchased from Petersime, Inc., Gettysburg, Ohio. Microsurgery
instruments were purchased from Roboz Instrument Company, Washington,
D.C. Tyrode’s balanced salt solution (TBSS), Joklik-modified minimum
essential medium (JMEM), trypsin-EDTA, horse serum (HS), fetal bovine
serum (FBS), Hepes buffer, penicillin-streptomycin, fungizone, and
trypan blue dye were purchased from Grand Island Biological Company
(GIBCO), Grand Island, New York. Collagen IV, soybean trypsin
inhibitor, bovine plasma fibronectin and ethyl alcohol (denatured)
were purchased from Sigma Chemical Company, St. Louis, Missouri.
Microscope slides, microscope slide cover slips and an Equatherm water
bath were purchased from Curtin Matheson Scientific Inc., Marietta,
Georgia. Bacteriological gelatin. Falcon tissue culture plates (35mm)
and Falcon 24 multiwell tissue culture plates were purchased from
Becton Dickinson Company, Cockeysville, Maryland. Permount
histological mounting medium, ethylenediarainetetraacetic acid (EDTA),
sodium hydroxide, hydrochloric acid and acetic acid were purchased
from Fisher Scientific Company, Fair Lawn, New Jersey. Hematoxylin
was purchased from Immuno Nuclear Corporation, Stillwater, Minnesota.
Olympus stereo microscope, Olympus CH microscope and an Olympus BH-2
microscope were purchased from Southern Micro Instruments, Inc.,
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Atlanta, Georgia. The orbital shaking water bath was purchased from
Precision Scientific, Inc., Chicago, Illinois. Water-jacketed tissue
culture incubator was purchased from Forma Scientific, Marietta, Ohio.
Blind-well chemotaxis chambers and polycarbonate filters (pore size:
8 um) were purchased from Nuclepore Corporation, Pleasanton,
California. Platelet-derived growth factor (PDGF) was donated by Dr.




Five dozen fertile White Leghorn chicken eggs were routinely
incubated in a humidified Petersime rotary incubator for each
experiment. Stages (stages 12-22) were determined according to the
method of Hamburger and Hamilton (1951),
2. Harvesting Embryos
Each egg was opened into a 100 mm petri dish and the embryo was
carefully removed by cutting through the extraembryonic membranes with
microsurgery scissors. Each embryo was lifted from the yolk,
thoroughly rinsed three times with cold, sterile TBSS and placed in a
60 mm petri dish containing sterile, serum-free JMEM supplemented with
penicillin (100 units/ml), streptomycin (100 ug/ml), fungizone (1.25
ug/ml) and adjusted to pH 7.2 [JMEM+].
3. Somite Isolation
The somite isolation technique was taught by Dr. James Lash and
Gladys Freon (personal communication. University of Pennsylvania
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Medical School, Department of Anatomy, Philadelphia, Pennsylvania).
The head, tail bud and lateral plate mesoderm of each embryo were
removed with iridectomy knives and Watchmaker's forceps while
observing with the Olympus stereo microscope (Figures 1 and 2). In
addition, the mesonephros was removed from the ventral side of the
embryo to effect a clean separation of the somites from the notochord
and neural tube (Figure 3). Care was taken not to damage the trunk of
the embryo since those somites were used in the somite dissociation
step. Somite "blocks" (somites, notochord and neural tube) were
transferred to a sterile 2 ml glass test tube containing 1 ml of cold,
0.25% trypsin- 0.05% EDTA. Tissue was incubated for 1 minute at room
temperature. Next, 1 ml of 0.2% soybean trypsin inhibitor in Ca+'*'-
and Mg++- free TBSS (CMF/TBSS) was added to inactivate the trypsin
(Pennypacker, 1983).
4. Somite Dissociation
After trypsin inactivation, somite "blocks" were washed three
times with CMF/TBSS, placed in a 60 mm petri dish containing sterile,
serum-free JMEM^. Somites were then teased from the notochord and
neural tube with iridectomy knives (Figure 4). The individual somites
(detached from notochord and neural tube) were incubated for 15
minutes, in JMEM'*': 1% EDTA (1:1) adjusted to pH 7,2, in a gyrotary
water bath at 37° C. The JMEM^zEDTA mixture was decanted after the
incubation period, the tissue was washed three times with CMF/TBSS and
dissociated by gently vortexing for 15 seconds to obtain a single-cell
suspension. The single-cell suspension was spun down at 500 rpra in a
clinical centrifuge for 30-45 seconds. The supernatant was decanted.
Fig. 1. Stage 15 (50-55 h) chick embryo with 24-27 somite pairs
(som). Observe the head (h),.neural tube (nt), lateral plate
mesoderm (1pm), extraembryonic membrane (era) and tall bud
(tb). Dashed lines indicate cuts made at the head and tail
bud during somite isolation. Magnification x 840.
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Fig, 2. Trunk region of stage 15 (50-55 h) embryo after the head and
tail bud were removed. The lateral plate mesoderm (1pm) was
removed with iridectomy knives and Watchmaker's forceps.
Observe the intact 1pm on the left side of the embryo and the
detached 1pm (*) on the right side. After removal of all
1pm, the neural tube (nt) and somites (som) remain.
Magnification x 2450. Insert represents a low magnification
(x 420) of the enlarged Figure 2 embryo.
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Fig. 3. Ventral side of stage 15 (50-55 h) embryo after the removal
of the head, tail bud and lateral plate mesoderm. The
mesonephros (mes) is removed with iridectomy knives, leaving
the neural tube (nt) and somites (som). Magnification x
2450. Insert represents a low magnification (x 420) of the
enlarged Figure 3 embryo.
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Fig. 4. Detachment of somites (som) from the neural tube (nt). The
head, tail bud and lateral plate mesoderm have been removed.
Somites and neural tube were incubated in 0.25% trypsin-0.05%
EDTA for 1 minute to facilitate detachment of the somites
with iridectomy knives. Magnification x 2500. Insert
represents a low magnification (x 420) of the enlarged Figure
4 somites and neural tube.
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the cell pellet washed three times with CMF/TBSS and resuspended in
JMEM+, An aliquot of the cell suspension was used to obtain a total
and viable cell count using the trypan blue exclusion test. The
remaining cell suspension was incubated in an orbital water bath
shaker for 4 h at 37° C and used in the migration assays.
5. Migration Assay
The blind-well chemotaxis chamber employs a filter perforated by
pores, which is permeable to migrating cells, and a chamber whose two
compartments (upper and lower) are separated by a filter (Figure 5).
Cells placed in the upper (cell) compartment exhibit enhanced
migration through the filter pores if a chemotactically active
substance is placed in the chamber's lower (chemoattractant)
compartment.
All migration assays in these studies were performed by using the
Nuclepore blind-well chemotaxis chamber, modified by Dr. Gordon Bailey
(personal communication, Morehouse School of Medicine, Department of
Biochemistry, Atlanta, Georgia), and polycarbonate filters (pore size;
8 urn). The upper compartments were loaded with 1 x 10^ cells
suspended in JMEM^. The lower compartments were filled with 50 ul of
JMEM+ supplemented with either 5, 10, 25, 50 or 100 percent (v/v)
potential attractant or JMEM^ (0%) as control. Chambers were
incubated for 8 h at 37° C in a water-jacketed tissue culture
incubator in an atmosphere of 95% air/5% CO2. After the incubation
period, chambers were disassembled, cells were fixed with Kahle's
fixative, stained with hematoxylin (pH 2.5), and those exhibiting a
migratory response were counted as described in section 14,
Fig. 5. Diagram of a disassembled (A) and assembled (B) Nuclepore
blind-well chemotaxis chamber. For migration assays in these
studies, the chemoattractant compartment was filled with 50
ul of conditioned media or chemotactic standard. A
fibronectin-coated filter was placed atop the chemoattractant
compartment and the filter retainer was screwed in by hand.
The cell compartment was filled with 1 x 105 cells. Chambers












6. Sources of Chemoattractants
Six substances were used to test somitic-cell migratory responses
in the blind-well chemotaxis chamber. Horse serum (HS), chicken
embryo extract (CEE) and platelet-derived growth factor (PDGF) [0.5
units/ml] were chosen as positive cheraotactic standards. Collagen IV
(1 mg/ml) was chosen as a negative chemotactic standard. Potentially
diffusible chemoattractants of physiological significance were tested
from the conditioned media of apical ectodermal ridge (AER) and
lateral plate mesoderm (LPM) cultures. Joklik-modified minimum
essential medium supplemented with penicillin (100 units/ml),
streptomycin (100 ug/ml), fungizone (1.25 ug/ml) and adjusted to pH
7.2 [JMEM"*"], was used as the control medium (0% chemoattractant).
7. Preparation of CEE
The CEE was prepared according to a standard method used in our
laboratory. Fertile \Vhite Leghorn chicken eggs were incubated for
9-10 days in a humidified Petersime rotary incubator. The embryos
were aseptically removed from the eggs and placed in a sterile 50 ml
syringe. Embryos were squeezed through the syringe into a sterile,
graduated cylinder with an equal volume of TBSS. The contents were
mixed well and allowed to stand for 10-15 minutes on ice. The CEE was
decanted into centrifuge tubes and spun down at top speed for 10
minutes. After centrifugation, the supernatant was dispensed and
frozen at -20° C until needed.
8. Preparation of AER Conditioned Medium
The apical ectodermal ridges (AERs) of two dozen stage 22 embryos
were isolated according to the method of Gumpel-Pinot (1984). Apical
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ectodermal ridges and the immediately underlying mesenchyme were
removed by making two cuts at an angle (V-shaped) to each other. All
AERs were collected in JMEM+ supplemented with 10% heat-inactivated
FBS and adjusted to pH 7.2. Ten AERs/plate were delivered and
incubated for 24 h at 37° C on gelatin-coated Falcon tissue culture
plates (35 mm) to allow cell attachment. Medium (1 ml) was
distributed around the periphery of each culture plate to prevent
dehydration. After initial plating, plates were flooded with 1 ml of
medium and incubated for an additional 24 h. Conditioned media from
the two days were combined, centrifuged for 10 minutes at 1000 rpm in
a table-top clinical centrifuge to remove cell debris, and stored at
-20° C for 24 h if the migration assay could not be performed
immediately.
9. Preparation of LPM Conditioned Medium
The techniques for isolating the lateral plate mesoderm were a
combination of those devised by Bellairs et al. (1980) and Solursh and
Reiter (personal communication. University of Iowa, Department of
Biology, Iowa City, Iowa). Stages 12-13 White Leghorn chicken eggs
were opened into sterile 100 mm petri dishes. Sterile filter paper
rings (the size of a quarter) were placed around each embryo at the
periphery of the filter paper ring. By this time, the embryo was
attached to the filter paper ring, and both could be lifted from the
egg yolk and transferred to a petri dish of TBSS. Two horizontal cuts
were made across the embryo at the leg-bud level and just above the
tail bud. Two sets of vertical cuts were made: (1) where lateral
plate mesoderm at the level of the unsegmented segmental plate met the
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neural fold and (2) where area pellucida met the peripheral edge of
lateral plate mesoderm at the level of the unsegmented segmental
plate. Explants were cut into pieces and initially plated for 12 h on
gelatin-coated, 24-multiwell tissue culture plates with JMEM+
supplemented with 10% heat-inactivated FBS. After the initial plating
period, fresh medium was added and incubation proceeded for an
additional 12 h. Conditioned media was collected after the 12-h
period, replaced with fresh medium, and collected again in 24 h.
Conditioned media collected from the two days were combined,
centrifuged for 10 minutes at 1000 rpm in a table-top clinical
centrifuge to remove cell debris, and stored at -20° C for 24 h if the
migration assay could not be performed immediately.
10. Use of the Nuclepore Chemotaxis Chamber and Polycarbonate
Filters in the Study of Somitic-Cell Migration
Initially, a blind-well chamber (Figure 5) must be calibrated to
determine the volume of chemoattractant to be used in subsequent
assays. According to the Nuclepore Corporation (personal
communication, Nuclepore Corporation, Pleasanton, California), chamber
calibration should be as follows: (1) fill lower compartment with
water such that there is a slight positive meniscus rising above the
filter seat; (2) place filter on the seat of the filled chamber,
taking care not to trap air beneath it; (3) screw in the filter
retainer by hand and (4) when neither a depression in the filter nor
fluid on top of the filter can be detected, the chamber is calibrated.
Fifty microliters (50 ul) were needed for proper calibration of the
blind-well chemotaxis chambers used in these studies.
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11. Determination of Number of Cells Used in Chamber
The number of cells used in an assay was determined by the type
blind-well chamber being used (personal communication, Nuclepore
Corporation, Pleasanton, California). The chambers (#440900) used in
these studies allow 18 mm2 of filter to be exposed to the
chemoattractant and can hold a maximum of 0.2 ml of cell suspension.
Single-cell suspensions were diluted to 106 cells/ml when necessary.
When a 100 ul aliquot (containing 1 x 105 cells) was delivered to the
upper compartment of the chamber, the cells settled to form a
monolayer on the top side of the filter. This allowed all optical
planes of the filters (top surfaces, pores, and bottom surfaces) to be
clearly discerned with the Olympus BH-2 microscope (lOx) and
oil-immersion lens (lOOx).
12. Filter Treatment
Polycarbonate filters (polyvinylpyrrolidone [PVP]-coated) were
coated to facilitate cell attachment. Fibronectin (100 ug/ml) was
used as the coating or substratum (Venkatsubramanian and Solursh,
1984). Filters were first treated with 0.5% acetic acid to facilitate
fibronectin attachment to the polycarbonate. The acetic acid
treatment, with slight modifications, was according to the following
method of Postlewaite et al. (1977); (1) filters were soaked
overnight in 0.5% acetic acid; (2) filters were rinsed with distilled
water, then air dried; (3) filters were soaked for 4 h (2 h/side) in
fibronectin at 37° C in a water-jacketed tissue culture incubator in
an atmosphere of 95% air/5% CO2; and (4) filters were air-dried before
use in chambers.
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13. Fixation and Staining of Cells Attached to Polycarbonate
Filters for Light Microscopy
After the 8-h migration assay, the culture medium was decanted
and blind-well chemotaxis chambers were disassembled. Filters were
removed with forceps, nicked to allow later discrimination between the
top and bottom filter surfaces, and gently rinsed with TBSS to remove
debris and unattached cells. The remaining attached cells were fixed
in Kahle's fixative for 15 minutes. Filters were then rinsed with
distilled water and stained with hematoxylin (pH 2.5; Immuno Nuclear
Corporation) for 2 minutes. Next, the filters were rinsed again with
distilled water, dipped lOx in ammonia water, dipped lOx in 75%
alcohol and finally dipped lOx in absolute alcohol. Filters were
mounted on glass microscope slides with Permount mounting medium and
covered with glass cover slips. Microscopic observation and
quantitation of migratory responses were performed with the Olympus
BH-2 microscope (lOx) and oil-immersion lens (lOOx).
Kahle's fixative has been used extensively to preserve embryonic
cells in the chick and quail (personal communication. Dr. Michael
Solursh and Rebecca Reiter, University of Iowa, Department of Biology,
Iowa City, Iowa). The fixative was composed of 300 ml of water, 60 ml
of saturated formalin, 150 ml of 95% ethanol and 10 ml of glacial
acetic acid.
14. Quantitation of Results
Results from these studies were quantitated by counting the cells
which exhibited a migratory response on the top side, bottom side and
within the pores of each filter in each of 20 randomly chosen
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oil-immersion fields. For these studies, a migratory response was
denoted by (1) cells that completely translocated or moved from the
top side to the bottom side of the filter; (2) cells which migrated
into pores; and (3) cells observed at the mouth or edge of pores on
the top and bottom surfaces of filters. The total migratory response
in 20 randomly-chosen, oil-immersion fields (OIF) of each filter was
expressed as the percent migratory response (% M) which was calculated
as follows;
%M = M X 100
T
Where M = the number of migrated cells in 20 OIF, and T = the total
number of cells (top, pores, bottom) in the same 20 OIF.
CHAPTER IV
EXPERIMENTAL RESULTS
The primary objective of this study was to develop tissue
dissociation and cell culture techniques that would sustain
soraitic-cell survival long enough to demonstrate cell migration.
A. Use of Blind-Well Chemotaxis Chambers and Polycarbonate Filters in
Semitic Cell Migration Studies
The blind-^^ell chemotaxis chamber/assay, used as described in the
Methods section, was effective in assessing soraitic-cell migration. A
problem which can arise with the use of the chambers, is an improper
seal between the filter retainer and chamber. Stained adhering cells
seen outside the area where filter retainer clamped the filter
indicated an improper seal. Thus special care is required in screwing
the upper compartment into the lower compartment.
Polycarbonate (PVP-coated) filters were used in the Nuclepore
chambers. It is important that the proper pore size is used so that
cells do not fall through pores into the lower (chemoattractant)
compartment during an assay. To determine the proper pore size,
filters of varying pore size (5 um-12 um) were tested in a modified
chamber. This modified chamber was cut down such that, the lower
compartment had a capacity of 10 ul. A cover slip was attached to the
bottom of the chamber for observation with the inverted microscope
(personal communication. Dr. Gordon Bailey, Morehouse School of
Medicine, Department of Biochemistry, Atlanta, Georgia). When
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visually comparing the size of the cells to the filter pores, it was
evident that the majority of cells were approximately the same size as
or slightly larger than the 8 urn pores. Therefore, polycarbonate
filters with 8 um pores were used for these studies. Cells could not
fall through the pores, but penetrated pores by actively migrating.
Since cell migration is anchorage-dependent, filters cannot be
used in many migration studies without overnight pretreatment with
0.5% acetic acid, followed by coating with a substratum to facilitate
cell attachment (Postlewaite et al., 1976a, 1978; Grotendorst et al.,
1981, 1982; Seppa et al., 1982; Venkatsubraraanian and Solursh, 1984).
Filters were tested to determine if acetic acid pretreatment and/or
fibronectin-coating were necessary. Table 1 shows that cells attached
in 67% (4 of 6) of filters pretreated overnight with 0.5% acetic acid,
then coated with fibronectin (100 ug/ml) for 4 h (2h/side).
B. Somite Isolation
Proper isolation of somites was crucial to these studies.
Initially, the head, tail-bud and lateral plate mesoderm were removed
from embryos of stages 15-17 (Figures 1 and 2). Somite isolation was
first attempted by detaching the neural tube and notochord from the
somites with iridectomy knives under the Olympus stereo microscope
(16x). This method of dissection did not result in isolated somites
(detached from the neural tube and notochord), instead, the tissue was
terribly mangled.
The alternate method of isolating somites was taught by Dr. James
Lash and Gladys Freon (personal communication. University of
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TABLE 1. Effects of Acetic Acid Pretreatment and/or Fibronectin (FN)
Incubation on Cell Attachment to Polycarbonate Filters
Filter Treatment Cell Attachment/Experiment
1 2 3 4 5 6
No Acid/Uncoated — — - -
Acid/Uncoated — — —
No Acid/ 2h (1 h/side) FN
Acid/ 2 h (1 h/side) FN — - + - -
No Acid/ 4 h (2 h/side) FN - - _ - -
Acid/ 4 h (2 h/side) FN + + + +
Polyvinylpyrrolidone (PVP)-coated polycarbonate filters were
either pretreated with 0.5% acetic acid at room temperature or not
pretreated with acid prior to fibronectin incubation. Acid-soaked
filters were rinsed well with distilled water and either incubated in
fibronectin (100 ug/ml) for 2 h or 4 h at 37° C or not incubated.
Filters not soaked in acid were either incubated in fibronectin for 2
h or 4 h or not incubated. Subsequently, filters were used in the
blind-well cheraotaxis chambers. Chambers were filled with 1 x 10^
cells, challenged with 50 ul of JMEM+ in the lower compartment and
incubated for 4 h at 37° C in a water-jacketed tissue culture
incubator. After incubation, chambers were disassembled. Cells were
fixed, stained with hematoxylin and observed with oil-immersion lens




Pennsylvania Medical School, Department of Anatomy, Philadelphia,
Pennsylvania). The head, tail-bud, and lateral plate mesoderm were
removed with iridectomy knives (Figures 1 and 2), In addition, the
mesonephros was removed from the ventral side of the embryo, to effect
a clean separation of the somites from the neural tube and notochord
(Figure 3). Next, somite "blocks” (somites plus neural tube and
notochord) were incubated in cold, 0.25% trypsin-0.05% EDTA solution
for 1 minute at room temperature. Soybean trypsin inhibitor (0.2%)
was added to inactivate trypsin. The tissue was washed three times
with TBSS and somites could be easily detached from the neural tube
and notochord with iridectomy knives under the Olympus stereo
microscope (16x) [Figure 4]. Ectoderm and endoderm could also be
removed at this time.
C. Somitic-Tissue Dissociation Technique
Soraitic tissue was dissociated into a single-cell suspension
according to methods developed in this study. Initially, mechanical
dissociation was attempted by repeatedly passing the cells through a
narrow bore Pasteur pipette. This method only partially dissociated
the tissue into a single-cell suspension, leaving clumps of
undissociated tissue. The chelating compound, EDTA, was used as a
tissue dispersal agent. Ethylenediaminetetraacetic acid (1%) was
dissolved in JMEM^ and adjusted to pH 7.2. Somitic tissue was
incubated for 15 minutes in 1 ml of EDTA in a gyrotary water bath.
After incubation, tissue was vortexed for 15 seconds at low speed to
obtain a single-cell suspension. The cell suspension was centrifuged
50
at 500 rpm in a clinical centrifuge for 30-45 seconds, EDTA was
decanted, the resulting somitic-cell pellet, which was very small, was
washed three times with CMF/TBSS and resuspended in JMEM+. The EDTA
was effective in dissociating tissue into a single-cell suspension,
yielding total cell counts ranging between 0.83 x 105 - 18,0 x 105
(Table 2).
D. Cell Viability Following EDTA Dissociation
The results of trypan blue exclusion tests to determine cell
viability after EDTA dissociation are presented in Table 2. Cells
were suspended in serum-free, Ca'++-free, JMEM+ and viability was
determined immediately after EDTA dissociation (Oh), 2 h and 4 h
after incubation at 37° C in an orbital water bath shaker. The 2 h
and 4 h studies reflect waiting periods between tissue dissociation
and the use of the cells in the migration assay. During these
periods, filters were coated with fibronectin.
Mean percent viability at all incubation times were greater than
70% and no significant difference was noted between them according to
the Student's t test. Therefore, as a result of these experiments and
filter-coating experiments, cells were Incubated for 4 h in JMEM^
prior to the migration assay.
E, Determination of Migration Assay Incubation Time
A time-course study to determine the number of cells attached to
polycarbonate filters during a 24-h period is shown in Table 3, These
studies were needed to determine the best incubation time for the
migration assays in the blind-well chemotaxis chamber. Cells (lx 10^
TABLE 2. Viability of EDTA-Dissociated Somitic Cells Following Incubation in
Incubation Time (h) Viable Cells/ml Total Cells/ml Viability (Z)^ Mean Viability (Z)^
0 0.68 X 10^ 0.83 X 10^ 81.9 77.4 ± 4.8
13.0 X 10^ 18.0 X 10^ 72.2
7.1 X 10^ 9.1 X 10^ 78.0
2 3.3 X 10^ 4.9 X 10^ 67.3 76.3 ± 10.6
5.3 X 10^ 7.2 X 10^ 73.6
8.8 X 10^ 1.0 X 10^ 88.0
4 5.9 X 10^ 7.3 X 10^ 81.9 78.3 ± 6.2
1.6 X 10^ 2.2 X 10^ 71.1
5.7 X 10^ 7.0 X 10^ 81.7
Tissue was isolated and dissociated as described in the Methods section. After dissociation,
an aliquot of the cell suspension was tested for viability by using the trypan blue exclusion test.
These tests were performed immediately after dissociation (Oh), 2 h and 4 h after dissociation at
37'’C in an orbital shaking water bath.
*Data represent (Viable cells/ml ♦ Total Cells/ml) x 100.
Data represent the mean viability ± S.D. of 3 experiments.
TABLE 3. Time-Course Study of Cell Attachment to Fibronectln-Coated Filters Following
a
Incubation in the Blind-Well Chemotaxis Chamber
Incubation Time (h) Cells Attached/20 OIF^ /Experiment Mean Number Cells/20 OIF
12 3 4
0^= 10 2 7 9 7.0 + 3.6
4 585 479 593 510 542.0 + 56.1
8 745 1023 * 332 700.0 + 347.7
12 172 47 0 0 54.7 + 81.2
16 0 0 0 0 0
20 0 0 0 0 0
24 10 0 0 146 39.0 + 71.5
Chambers were filled with 1 x 10^ cells in the upper compartment, challenged with JMEM^ in
the lower compartment and Incubated at 37“C in a water-jacketed tissue culture incubator.
Filters were coated with fibronectin (100 ug/ml). Following incubation, chambers were
disassembled. Cells were fixed, stained with hematoxylin and nuclei were cotmted in 20 randomly-
chosen oil-immersion fields (lOOOx).
Data represent the mean number of cells attached ± S.D. of 4 experiments.
^Oil-immersion fields.
Q
These data represent cells which occluded filter pores after fixation and staining.
*
Unable to measure by parameters establllshed in these studies.
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were suspended in JMEM+, loaded into the upper (cell) compartment of
the chamber and challenged with JMEM+ in the lower (chemoattractant)
compartment of the chamber. Filters were pretreated with acetic acid
overnight prior to coating with fibronectin. All experiments were
performed in a water-jacketed tissue culture incubator at 37° C in a
humidified atmosphere of 95% air and 5% CO2, Chambers were removed
from the tissue culture incubator at the end of each of the designated
incubation times and disassembled. The cells were fixed, stained and
quantitated by counting nuclei in 20 randomly chosen oil-immersion
fields.
At 0 h, there was no cell attachment. The value shown in Table 3
represents cells which occluded filter pores when observed after
fixation and staining. The mean number of cells attached after 4 h
was 542.0 56.1 which later increased to 700.0 ±_ 347.7 after 8 h. A
pronounced decrease occurred during all incubation times after 8 h.
As a result of these studies, 8 h was chosen over 4 h as the migration
assay incubation period, to allow cells as much time as possible to
demonstrate iji vitro migration. No significant differences were found
between the 4 and 8 h incubation periods according to the Student's t
test.
The 8-h incubation period was tested to demonstrate somitic-cell
migratory capacity. The data indicated that cells will Indeed migrate
through filter pores during this time when challenged with JMEM^
(Figures 6 and 7). According to the parameters established for a
migratory response in these studies, some cells did not migrate
(Figure 6a). Others migrated from the top side of the filter to the
Fig. 6, Light micrographs of the top (A) and bottom (B) sides of a
fibronectin-coated filter illustrating the same area of the
filter. Note that when the bottom side (B) of the filter is
in focus the same cell on the top side (A) is seen as a
shadow (arrow). Cells (1 x 105) were suspended in JMEM+,
loaded into the upper (cell) compartment of the chamber,
challenged with JMEM+ in the lower (chemoattractant)
compartment and incubated for 8 h at 37° C. Some cells
migrated from the top side to the bottom side (M). Some
cells do not migrate (NM), according to parameters
established in these studies, and remain on the top side (A)
of the filter. Observe the occluded pore (arrowheads) and




Fig. 7. Light micrographs of the top (A) and bottom (B) sides of two
different fibronectin-coated filters. Cells (lx 105) were
suspended in JMEM+. After 8 h of incubation at 37° C in a
water-jacketed tissue culture incubator, some cells did not
migrate (NM) according to parameters established in these
studies. Others migrated into pores (*) and occluded them
(X). Often cells could be observed at the mouth or edge of
pores (arrow heads), while others completely translocated the




bottom side of the filter (Figures 6a and 6b), into filter pores
(Figure 7a) or were observed at the mouth or edge of pores on the top
and bottom sides of filters (Figure 7b). Cell viability and cell
growth were indicated by several mitotic figures (Figure 8).
F. Migratory Responses of Semitic Cells Toward Chemotactic Standards
and Conditioned Media
Migratory assays were performed in blind-well chemotaxis chambers
as described in the Methods, The raw data for all migration assays
are shown in Table 4. Four different standards were tested over a
broad dose-response range. The data of Table 5 indicates that somitic
cells were attracted across fibronectin-coated filters toward HS and
PDGF at all concentrations. All migratory responses exhibited for 0%
denote random migration since no gradient is established when the same
concentration of medium is used on both sides of the filter. When
compared to controls (0%), chemotactic responses were significant for
50% and 100% HS (P < 0.05). Platelet-derived growth factor
demonstrated the most pronounced migratory influences when compared to
controls, at all concentrations (P < 0.01). Figure 9 depicts the dose
dependent increase in migratory responses for PDGF and the increase in
migratory responses in the presence of HS. Responses for CEE were not
significant at 5% and CEE proved to be toxic at all other
concentrations tested. No cells attached to filters in the presence
of collagen IV at any concentration tested. Conditioned media from
cultures of embryonic tissues closely associated with chick-limb
development also attracted cells across the fibronectin-coated
Fig. 8. Cell viability and growth denoted by mitotic activity of
somitic cells isolated according to methods developed in this
study. * Cells (lx 105) were suspended in JMEM+, challenged
with 50 ul JMEM+ in the lower (chemoattractant) compartment
of the chamber, and incubated for 8 h at 37° C in a
water-jacketed tissue culture incubator. Filters were coated
with fibronectin (100 ug/ml) and permeated by 8 urn pores (P).
Observe the cells in different phases of mitosis
(arrowheads): prophase (a); metaphase (b); and telophase
(c).
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TABLE It. Tabulation of Migratory geaponaea for Cheiaotactlc Standarda and Conditioned Media (CM)*
At t ractant HS CEE EDGE
Attractant Concentration (Z)
In Chamber'* 0 5 10 25 50 100 0
Migratory (M) Cells 43 56 139 50 484 322 30
69 156 32 32 176 116 16
11 120 70 53
82
326 134 6
Total (T) Cells 547 722 931 252 1276 1265 922
1015 981 250 179 1004 879 712
1825 869 369 409 1368 570 179
- c
X
"M 41 111 80 54 329 191 17
- H
*T 1129 857 517 292 1216 905 604
ZM® 8 8 15 20 38 26 3
1 16 13 18 18 13 2
1 14 19 13 24 24 3
Mean + S.D. 3+4 13+4 16+3 m5 27+10 27+7 3+1
"t 3 3 3 4 6 6 3
5 10 25 50 100 0 5 10 25 50 100
62 cl cl cl cl 52 811 541 312 749 589
15 cl cl cl cl 48 582 1205 673 1326 494
0 cl cl cl cl 29 175 101 559 952 599
424 cl cl cl cl 1635 1843 935 496 902 700
328 cl cl cl cl 1570 1266 1722 922 1841 641
256 cl cl cl cl 823 831 481 917 1252 731
26 cl cl cl cl 43 523 616 515 1009 561
336 cl cl cl cl 1343 1313 1046 778 1331 691
15 cl cl cl cl 3 44 58 63 83 84
4 cl cl cl cl 3 46 70 73 72 77
0 cl cl cl cl 4 21 21 61 76 82
6+8 cl cl cl cl 3+0 37+14 50+26 66+6 77+6 81+4
6 6 6 6 6 3 3 3 3 3 3
TABLE 4. Continued
Attractant Collagen IV AER (CM) LPM (CM)
AttractanC Concentration (Z)
b
In Chamber 0 5 10 25 50 100 0 5 10 25 50 100 0 5 10 25 50 100
Migratory (M) Cells 45 nca nca nca nca nca 3 40 145 58 16 322 20 28 266 550 74 130
24 nca nca nca nca nca 11 68 223 59 45 65 38 38 73 71 65 220
46 nca nca nca nca nca 8 54 21 58 45 260 7 202 167 44 46 65
Total (T) Cells 869 nca nca nca nca nca 125 176 451 310 370 620 352 862 917 1705 296 382
1256 nca nca nca nca nca 221 356 603 246 215 343 542 331 500 609 542 920
972 nca nca nca nca nca 184 163 176 187 132 841 343 723 750 324 200 137
1352 604
- c
38 nca nca nca nca nca 7 54 130 58 35 216 22 89 169 222 62 138
- d
1032 nca nca nca nca nca 177 232 410 246 239 601 22 106 169 175 62 138
ZM® 5 nca nca nca nca nca 2 23 32 19 42 52 6 6 29 32 25 34
2 nca nca nca nca nca 5 19 37 24 21 19 7 11 15 12 12 24
5 nca nca nca nca nca 4 33 12 31 34 31 2 28 22 14 23 47
Mean + S.D. 4±2 nca nca nca nca nca 4±1 25+7 27+7 25+6 32+11 34+17 5±3 14+10 22+7 16+11 20+7 35+12
“t 3 6 6 6 6 6 3 3 3 3 3 3 3 4 3 4 3 3
Raw data for migratory responses of chemotactlc standards and conditioned media. These
data have been rounded-off to the nearest whole numbers. Mean + S.D. was calculated from percent
migratory cells (2M) for 3-4 experiments. The total number of experiments performed to collect
at least three samples which could be used to collect data, is represented by N .
b 5 + ^Chambers were filled with 1 x 10 cells, challenged with 50 ul of JMEM supplemented with
a percentage (v/v) of chemotactlc standard or conditioned media, and Incubated for 8 h in the
blind-well chemotaxls chambers. Filters were coated with fibronectin (100 ug/ml).
c
Mean number of migratory cells in 20 oil-immersion fields,
d
Mean number of total cells in the same 20 oil-immersion fields,
e
%M = M X 100, where M “ the number of migrated cells in 20 oil-immersion fields and T = the
T
total number of cells (top, pores, bottom) in the same 20 oil-immersion fields,
cl
Cell lysis determined by cell debris present on filter after 8-h incubation period.
nc3
No cell attachment to filters after 8-h incubation period.
TABLE 5. Migratory Responses of Semitic Cells Toward Chemotactic Standards In the Blind-Well
a
Chemotaxis Chamber
Chemotactic Standards Control^ Concentration of Chemotactic Standard in Chamber (Z)
5 10 25 50 100
HS 3.0 + 4.1 12.6 ± 4.2 15.6 ± 3.1 19.0 ± 4.9 26.6 ± 10.2*^ 21.0 ± 7.0*^
CEE 2.9 + 0.6 6.1 ± 7.6 A * ft
*
PDGF 3.3 ± 0.3 37.0 ± 13. 49.6 ± 25.5^^ 65.6 ± 6.4*^ 77.0 ± 5.5*^ 81.0 ± 3.5*^
Collagen IV 3.9 + + .7 • •
• • —
Chambers were filled with 1 x 10^ cells, challenged with 50 ul of JNEM^ supplemented with a per¬
centage (v/v) of chemotactic standard and incubated for 8 h at 37®C in a water-jacketed tissue culture
incubator. For control experiments, cells were challenged with 50 ul of JMEM . Filters were coated
with fibronectin (100 ug/ml). After Incubation chambers were disassembled. Cells were fixed, stained
with hematoxylin and quantitated as described in the Methods section.
*Data represent mean percent migratory response of cells ± S.D. in 20 oll-imnersion fields for 3-4
experiments.
^Cells challenged with 50 ul of JMEM^.
0.01 according to Dunnett's test which compares migratory responses at each concentration to
its control.




Cell lysis determined by cell debris present on filters after 8-h incubation period.
Fig. 9. Dose-dependent increase in migratory responses of chick
somitic cells in the presence of PDGF and the increase in
migratory responses in the presence of HS. Migratory
responses were elicited across fibronectin-coated filters in
the blind-well chemotaxis chamber after 8 h of incubation.
Percent migratory response/20 OIF (%M) is expressed as the
(number of migrated cells in 20 OIF) + (the total number of
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filters, for somitic cells (Table 6). Responses were significant only
when compared to controls at 50% and 100% for AER (P < 0.05) and at
100% for LPM (P < 0,01). Figure 10 depicts the increase in migratory
responses for AER and LPM,
TABLE 6. Migratory Responses of Somltic Cells Toward Conditioned Media In the Blind-Well
a
Chemotaxls Chamber
Conditioned Media Control^ Concentration of Conditioned Media in Chamber (%)

















Chambers were filled with 1 x 10^ cells, challenged with 50 ul of JMEM^ supplemented with a
percentage (v/v) of conditioned media and incubated for 8 h at 37‘’C in a water-jacketed tissue culture
incubator. For control experiments, cells were challenged with 50 ul of JMEM^. Filters were coated with
flbronectin (100 ug/ml). After incubation, chambers were disassembled. Cells were fixed, stained with
hematoxylin and quantitated as described in the Methods section.
Data represent mean percent migratory response of cells t S.D. in 20 oil-immersion fields for 3-4
experiments.
^Cells challenged with 50 ul of JMEM^.
F < 0.01 according to Dunnett's test which compares conditioned medium migratory responses at each
concentration to its control.
0.05 according to Dunnett's test which compares conditioned medium migratory responses at each
concentration to its control.
o^
Fig. 10. Increase in migratory responses of chick somitic cells in the
presence of conditioned media collected from the AER and the
LPM. Migratory responses were elicited across
fibronectin-coated filters in the blind-well chemotaxis
chamber after 8 h of incubation. The AER and LPM were
cultured according to the methods developed in this study.
Percent migratory response/20 OIF (%M) is expressed as the
(number of migrated cells in 20 OIF) + (the total of cells in



















A great deal is known about cell interactions and movements
within the mesenchyme of the developing limb bud (Ede, 1976). Our
understanding of these interactions has been greatly enhanced by the
studies of Christ et al. (1977, 1983) and Chevallier et al. (1977).
Their experiments, utilizing the chick-to-quail cell marker technique
devised by Le Douarin (1973), have shown that muscle of the limb is of
somitic (quail) origin, whereas cells comprising the tendons and other
connective tissue come from the limb-bud (chick) cells. The grafted
quail tissue becomes readily integrated into host (chick) tissue and
its cells undertake normal patterns of migration within the chick.
Their final location within the host tissues is determined by
differences in nuclear staining characteristics between the two birds.
Much of the effort of investigators has gone into the difficult task
of proving the somitic origin of the limb musculature. Less attention
has been given to the mechanism and pathway(s) of the migration of the
somitic-derived cells into the limb field. This is because: (1) the
migrating cells mix with other cell populations; (2) the pathways of
migration are not well-defined; and (3) the techniques that facilitate
examination and modification of cell movements in_ vivo and ^ vitro
are limited. An inability of investigators to successfully culture




This study was designed to overcome the technical barriers to
somitic-cell survival in culture and determine if somitic-cell
migration could be demonstrated vitro. The working hypothesis was
that a serum-free, Ca++-free culture system would permit somitic-cell
survival long enough to demonstrate migration in a well-established
migration assay. Cell motility, manifested as cheraotaxis, should be
detectable if cell movement is actually influenced by a concentration
gradient of substance(s) in solution. This movement must be
concentration dependent to be considered chemotactic and not simply
cheraokinetic.
The results reported here show for the first time that
serum-free, Ca'*^-free dissociation and culture techniques can be used
to sustain somitic-cell survival and growth. These techniques also
permit the study of somitic-cell migration in the blind-well
chemotaxis chamber. Tissue dissociation in 1% EDTA is shown to result
in 77.4 - 78.3% viable cells, which are able to proliferate and
migrate during an 8-h incubation period. These are significant
findings, since there are no published reports of somitic-cell culture
under these conditions. The paucity of these types of studies has
been due to the reported notorious fragility of these cells (personal
communication. Dr. W.A. Elmer, Emory University, Department of
Anatomy, Atlanta, Georgia; Dr, Michael Solursh, University of Iowa,
Department of Biology, Iowa City, Iowa). Incubation times up to 8 h
appear optimum for cell survival, growth and migration, while a
pronounced decrease in cell attachment is detected after 12 or more
hours. Thus, the use of serum-free, Ca‘*^-free tissue dissociation and
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cell culture techniques are effective in permitting the short-term
survival of somitic cells during early stages of development (stages
15-17). The attraction of these cells toward media conditioned by
explants of embryonic tissues that serve as target sites for
soraitic-cell migration ^ vivo indicates that chemotaxis could be
involved in directing somite derived myogenic-cell migration into the
limb-forming region.
A. Use of the Blind-Well Chemotaxis Chamber and Polycarbonate Filters
in the Study of Somitic-Cell Migration
The great interest in cell migration in recent years is due in
large part to the invention of a simple assay which is readily
mastered. This assay, devised by Boyden (1962) to assess leukocyte
chemotaxis, is universally known as the Boyden technique or assay.
The Boyden assay was modified for these studies of somitic-cell
migration. These modifications mainly pertain to the number of cells
used in the chamber and the treatment of filters prior to use in the
chamber. Other migration studies have used 4.3 x 10^ -5.4 x 10^ cells
(Senior et al., 1983; Postlewaite et al., 1976, 1978; Seppa et al.,
1982; Venkatsubramanian and Solursh, 1984; Boyden, 1962). Because of
the small amount of tissue isolated in these studies 1 x 10^ cells
were used. These cells formed a monolayer and could be observed at
all optical planes of the filter (top side, within pores, bottom side)
[Figures 6 and 7].
Polycarbonate filters (polyvinylpyrrolidone-coated) were used in
these assays. Polyvinylpyrrolidone is routinely added to the filters
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as a wetting agent. For these studies it was necessary to pretreat
filters with 0.5% acetic acid overnight and then coat them with
fibronectin (100 ug/ml) to facilitate cell attachment.
Fibronectin, a major extracellular matrix glycoprotein, has been
implicated in a wide variety of cellular behaviors. These include
cell adhesion, morphology, cytoskeletal organization, migration,
differentiation, oncogenic transformation, phagocytosis and
hemostasis. Of these, the most thoroughly studied is the adhesion of
cells to solid substrata. Numerous investigators have reported that
fibronectin promotes the adhesion and/or spreading of cells on a
variety of materials including plastic, collagen, gelatin and fibrin
(Grinnell, 1978; Culp, 1978; Grinnell et al., 1980; Kleinman et al.,
1982). Other studies suggest that fibronectin is the in vivo
substratum for chick myogenic cells (Chiquet et al., 1979; Ehrisman et
al., 1982; Duband and Thiery, 1982), for chick embryo primary
mesodermal cells (Sanders, 1984) and during avian mesoblast formation
in the blastoderm (Mitrani and Farberov, 1982; Harrison et al., 1984).
Thiery et al., (1984) investigated the role of fibronectin in
cell migration during early vertebrate development. Their data
strongly suggest that fibronectin is needed for cell adhesion and cell
migration during gastrulation in the chick embryo. The appearance of
fibronectin correlates with the onset of cell migration and, in many
instances, is present prior to its onset. Migrating mesodermal cells,
which are devoid of fibronectin, interact directly with the
glycoprotein by way of filopodia. These data further suggest that
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fibronectin does not provide a signal or impart directionality to
migrating cells.
B, Use of Serum-Free Medium for the Short-Term Culture of Semitic
Cells
It is a common practice to use an incomplete culture medium
supplemented with serum, usually in the amount of 2-20% by volume.
The inclusion of serum provides many factors, some in minute amounts.
Yet while many of these have been identified, the precise function of
each is not understood. These include peptide and steroid hormones
(Jimeniz de Asua et al., 1983; Steiner et al., 1978), growth factors
(Barnes and Sato, 1980), and lipids (Yamane et al., 1975). Some
components of serum have been found to be detrimental to growth
(DeLuca et al., 1966a), chemotactic for avian myoblasts, of which
somite-derived myogenic cells are the precursors (Venkatsubraraanian
and Solursh, 1984) and certain factors, not chemotactic themselves,
are able to elicit chemotactic responses in the presence of serum and
plasma (Gee et al., 1983), A common practice in most studies
utilizing chick limb mesenchyme in culture has been to add serum to
the media. In some cases this has involved the use of several
different sera as well as embryo extract. This approach to cell
culture, while very useful, precludes a precise analysis of the
requirements for cell survival and cell behavior. For these reasons,
a serum-free system was desired to ascertain somitic-cell culture
conditions and to distinguish between directly and indirectly acting
chemoattractants
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Joklik-modified minimum essential medium (JMEM) is an Eagle's
medium formulated for suspension culture. It is a basal medium
composed of balanced salts, amino acids presumed essential for in
vitro cell culture, glutamine, vitamins, a carbohydrate source
(glucose) and inorganic ions, excluding Ca++. The medium was
supplemented with antibiotics to prevent microbial contamination and
Hepes buffer to maintain the pH at 7.2, Hepes buffer was chosen over
the commonly used sodium bicarbonate because: (1) no toxicity of any
cell type has been reported and (2) its pK^ is 7.3, which is optimal
buffering capacity for the cell cultivation pH range (6.8-7.8), The
pK^ of sodium bicarbonate is 6.1, which is suboptimal for the pH range
of cell cultivation.
The general utility of the serum-free culture system was
complicated by the unpredictable detachment of cells from the
fibronectin-coated filters after incubation. This resulted in few
experimental samples. Efforts were made to test all concentrations of
attractants in triplicate. Joklik medium is formulated as a
suspension culture medium. This formulation is Ca'^'*‘-free and low in
Mg++ which inhibits the attachment of cells to substrata. Also
components, like serum which are known to facilitate attachment were
not added to this medium. However, cell detachment of chick embryonic
cells in serum-free medium has been reported in other studies.
Pennypacker (1983) noted that chick limb mesenchyme cells of stages
23-24 would not attach to plastic substrata in basal medium containing
transferrin, ascorbate, Hepes buffer and gentamicin. The monolayer
detached over a 5-day incubation period. This problem was overcome by
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adding fibronectin (10 ug/ml) and Pendersen*s fetuin (10 ug/ml) to the
culture medium, which resulted in a plating efficiency that was 70% of
serum-containing controls.
It is not known at this time if the addition of fetuin would have
further assisted in overcoming the unpredictable cell detachment from
coated filters in these studies. However, since the precise chemical
composition of fetuin is not known, its use would have presented
problems similar to those associated with the use of serum-containing
medium. It is also not known if the combination would have permitted
cell motility. There is a fine balance between the range of a cell's
locomotion and the strength of its adhesion to a substrate. Although
adhesion is a prerequisite for cell migration, too strong an adhesion
is detrimental to the rate of movement. Gail and Boone (1972) studied
the relationship between cell-substrata adhesion and cell motility in
mouse fibroblasts (BALB/3T3) and their viral transformants
(BALB/SV3T3), Cellulose acetate, phytohemagglutinin (PHA) and Pyrex
(controls) were used as substrata. Motility was 144% of control on
cellulose acetate (low adhesion) and 3% of control in the presence of
PHA (high adhesion). These studies suggest that cell-substrate
adhesion is an important determinant of cell motility. Strong
adhesion will diminish cell motility, since greater force is required
to move the cell. If cell-substrate adhesion is negligible, cells can
not generate tractive forces to move. It is likely, according to Gail
and Boone (1972), that for each cell type an optimal cell-substrate
adhesion exists at which motility is maximal.
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Keller et al., (1979) performed similar studies with neutrophilic
granulocytes. These data also confirmed that increased cellular
adhesion resulted in a decreased rate of locomotion.
C. Somite Isolation and Tissue Dissociation
Somite isolation techniques taught by Dr. James Lash and Gladys
Freon (personal communication, University of Pennsylvania Medical
School, Department of Anatomy, Philadelphia, Pennsylvania) were
employed in these studies. The crucial part of the technique was the
incubation of the tissue in 0.25% trypsin-0.05% EDTA for 1 minutes at
4° C. The use of cold trypsin permitted the isolation of individual
somites from the notochord' and neural tube. At 4° C the action of
trypsin is presumed to be slower than at 37° C, and does not penetrate
cell surfaces as quickly (Hodges et al., 1973). By using
fluorescein-labelled and tritium-labelled crystalline trypsin, Hodges
et al., (1973), discovered that the enzyme is the first localized on
the surface, and later penetrates into the cell at 25 and 37° C, but
not at 4° C.
Stockdale et al., (1961) studied the response of dissociated
somitic cells after trypsin treatment. Semitic cell from stages 13-39
were used in these experiments. The tissue was incubated in 0.4%
trypsin for 1 h at 37° C. Following incubation, a single-cell
suspension was prepared by repeated pipetting. The suspension was
centrifuged, the pellet cut into pieces and cells were cultured on
nutrient agar in the presence of spinal cord, notochord or epidermis.
The response of the dissociated cells was different from that of whole
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somites. In dissociated soraitic cell cultures, cartilage formation
was first detected on the 6th or 7th day of culture, whereas in the
whole somitic explants, cartilage appears by day 4, It appears,
according to Stockdale et al., (1961), that prolonged trypsin
dissociation at 37° C delayed the onset of cartilage matrix formation.
The data of this study also show that it is possible to use EDTA
to assist in the dissociation of somitic tissue. The reason for
choosing EDTA was that it has been shown to increase cell yield,
reduce the time required to accomplish complete dissociation, and
produce uniform monolayers in culture (Montes de Oca et al., 1971).
Ethylenediaminetetraacetic acid chelates Ca++ and Mg++. The removal
of these cations would permit dissociation into a single-cell
suspension. Calcium and magnesium play an important role in
maintaining the structural matrix between cells in tissues (Borle,
1969). When these cations are removed or omitted from solutions,
intercellular bonds holding the matrix together are weakened.
The quality of the dissociation treatment developed in these
studies was substantiated by cell viability tests using trypan blue.
Schrek in 1947 was the first to suggest that an intact cell membrane
was necessary for the exclusion of certain dyes (Patterson, 1979).
The most commonly used procedure employs trypan blue dye and a visual
count of the unstained (viable) cells. Mean percent viability was
well over 70% immediately after dissociation (Oh) in these studies.
This level of viability persisted up to 4 h prior to migration assays.
These results proved that it is possible to isolate and dissociate
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viable somitic cells with trypsin for a short period (1 minute),
followed by EDTA incubation also for 1 minute,
D. Determination of Migration Assay Incubation Time
The time-course studies to determine the best incubation time,
based on cell attachment to fibronectin-coated filters, revealed that
the best attachment was achieved in 8 h. Cells also attached in 4 h,
but since somitic cells are "slow-movers” (personal communication. Dr.
Michael Solursh, University of Iowa, Department of Biology, Iowa City,
Iowa), the maximum attachment time was chosen for the demonstration of
migratory efficacy. Cell proliferation was denoted at this time by
several mitotic figures. A pronounced decline in cell attachment was
seen after 8 h. This decline could reflect the rounding up and
detachment of cells from the substrata, which is characteristic of
mitotic cells (Terasima and Tolmach, 1963).
E. Migratory Responses of Somitic Cells Toward Chemotactic Standards
and Conditioned Media
These studies have established for the first time that somitic
cells can migrate across fibronectin-coated filters. Moreover, they
have shown that certain substances known to elicit chemotactic
responses from other cell types also attract somitic cells. Finally
these studies show that somitic cells are attracted toward known
chemoattractants of other cell types and toward media conditioned by
explants of embryonic tissues of physiological significance during
chick-limb development. Horse serum and PDGF elicit what appears to
be chemotactic responses in gradients of increasing concentration.
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True cheraotaxis (directional movement) can not be discerned from
chemokinesis (stimulation of movements) from these studies nor was it
possible to determine which components of horse serum elicited the
responses. It is possible that the PDGF present in the serum could be
the attractant. The chemotactic capability of PDGF is not specific
for soraitic cells. It has been shown to be a true chemoattractant of
human fibroblasts (Seppa et al., 1982; Senior et al., 1983), human
monocytes and neutrophils (Deuel et al., 1982), bovine ligament
fibroblasts (Senior et al., 1983), sheep aortic muscle cells
(Grotendorst et al., 1981, 1982), and avian myoblasts
(Venkatsubramanian and Solursh, 1984). Platelet-derived gro\rt:h factor
is chemokinetic for human umbilical vein endothelial cells and smooth
muscle cells (Thorgeirsson et al., 1979) and bovine smooth muscle
cells (Bernstein et al., 1982).
Chicken embryo extract (CEE) and collagen IV were not chemotactic
for somitic cells at any concentration. These data for CEE are not
consistent with other migration studies of the bird (Venkatsubramanian
and Solursh, 1984). Venkatsubramanian and Solursh (1984) have shown
that avian myoblasts are attracted by heat-inactivated trypsin-treated
CEE, CEE heated at 60° C for 45 minutes and dialyzed CEE. CEE
cytotoxicity, manifested by cell lysis at all concentrations greater
than 5%, was not totally unexpected since proteases and nucleases are
present in the extract. Collagen IV was selected as a negative
chemotactic standard, because somitic cells were not expected to
respond chemotactically to this collagen type since cells of
mesodermal origin do not have an affinity for it. Collagen IV is
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found in basement membranes and epithelial and endothelial cells have
an affinity for it because of special attachment factors (i.e.,
laminin) [Terranova et al,, 1980; Murray et al., 1979; Wicha et al.,
1979], However, in the presence of fibronectin, mesodermally-derived
fibroblasts have been demonstrated to attach to collagen IV (Murray et
al., 1979). In these studies fibroblasts grew to confluent monolayers
on collagen IV substrata when fibronectin and fibronectin-rich fetal
calf serum were used in the cell cultures.
The complete inhibition of cell attachment to fibronectin-coated
filters in the presence of collagen IV may also reflect the
correlation between cheraokinesis of certain substances and their
capacity to affect cell adhesion to a substratum. Many investigators
have reported that several agents, such as human serum albumin,
fibrinogen, casein and f-Met-Leu-Phe (Keller et al., 1977, 1979; Smith
et al., 1979; Keller et al., 1981) can increase or decrease cell
adhesion to solid substrata. Again, decreased adhesion of weakly
adherent cells may easily lead to complete detachment. These
chemokinetic factors can modify either the cell (Keller et al., 1979;
Smith et al., 1979; Repine and Clawsen, 1978) or the substratum
(Wilkinson and Allan, 1978). It is conceivable that somitic-cell
attachment to the substratum in the presence of various attractants
depends not only on mediator proteins (i.e., fibronectin) but also on
the chemical characteristics of the attractant or the type of
attaching cell.
Since embryos are rapidly growing and rapidly changing, chemical
gradients may be different to establish. It does, however, seem
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possible that chemoattractants could emanate from local organs or
tissue in close contact with the somites. Local diffusion of a
chemoattractant has been demonstrated with lymphoid precursor cells in
quail embryos during a limited period of time (Le Douarin, 1978).
Because of these presumptions, conditioned media from explant cultures
of nearby targets of somitic cell migration (the AER and the LPM) were
tested as potential chemoattractants. Data from this study indicate
that conditioned media from the AER and LPM do elicit chemotactic
responses. However, it is not clear if the migratory responses are
the result of heat-inactivated fetal bovine serum used to culture the
tissues or extracellular matrix components, such as collagen and
fibronectin which are synthesized by the AER and LPM cells. The fact
that these responses are detected across fibronectin-coated filters,
suggests that fibronectin does not impart directionality to
soraitic-cell migration. The fact that somitic cells migrate in
response to substances to which a wide variety of other cell types
also respond, suggest that the number of environmental influences or
factors that can direct cell migration cannot be staggeringly large,
and may in fact be relatively small.
CHAPTER VI
SUMMARY AND CONCLUSIONS
The present study clearly shows for the first time, that chick
somitic tissue isolated and dissociated according to methods developed
in this study, are capable of surviving for a short-term in
chemically-defined medium. This serum-free, Ca++-free culture system
also supports somitic-cell growth for up to 8 h. Cell movement in
response to a gradient of diffusible substances can be demonstrated by
using the culture system in the well-established Boyden assay. These
studies show that individual somitic cells migrate in the presence of
HS, PDGF, AER- and LPM-conditioned media. Moreover, these migratory
responses are not inhibited by the presence of fibronectin. This
suggests that fibronectin may function only as a substratum or
chemokinetic agent, but not impart directionality to the migration
process.
The most significant contribution that the development of this
somitic cell culture system/assay has made to research is the
demonstration that the culture of somitic cells and assays of their
response to potential chemoattractants are technically feasible. It
is now possible to perform exact studies of somitic-cell migration
without the complication of serum. This approach, however, does not
discern the effects of a gradient of chemokinetic factors from a
chemotactic response.
On the whole, few cells seem able to respond chemotactically in
vitro. It is important to realize that with the exception of the
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neural crest cells and leukocytes, very little is known about the
migration of tissue cells. The difficulties of the tasks involved in
designing and operating gradient sensing systems for use with
migrating tissue cells, may reflect the complexities of other factors
(i.e., the adherence of cells to substrata, the fine balance between
adherence and motility, cell orientation, the deformation of the cell
membrane) that mediate motility. As studies of this type accumulate
the nature and mechanism of action of the environmental cues
influencing cell migration should become clearer.
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